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Several  isotopes  are  examined  as  alternatives  to  238Pu  that  is  traditionally  used  in  radioisotope  thermo¬ 
electric  generators  (RTGs)  and  heating  units  (RHUs).  The  radioisotopes  discussed  include  241  Am,  208Po, 
210Po,  and  90Sr.  The  aim  of  this  study  is  to  facilitate  the  design  of  an  RTG  with  a  minimal  radiation  dose 
rate  and  mass  including  any  required  shielding.  Applications  of  interest  are  primarily  space  and  planetary 
exploration.  In  order  to  evaluate  the  properties  of  the  alternative  radioisotopes  a  Monte  Carlo  model  was 
developed  to  examine  the  radiation  protection  aspect  of  the  study.  The  thermodynamics  of  the  power 
generation  process  is  examined  and  possible  materials  for  the  housing  and  encapsulation  of  the  radioiso¬ 
topes  are  proposed.  In  this  study  we  also  present  a  historical  review  of  radioisotope  thermoelectric  gen¬ 
erators  (RTGs)  and  the  thermoelectric  conversion  mechanism  in  order  to  provide  a  direct  comparison 
with  the  performance  of  our  proposed  alternative  isotope  systems. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Radioisotope  heating  units  (RHUs)  and  radioisotope  thermo¬ 
electric  generators  (RTGs)  have  been  successfully  employed  on  a 
number  of  space  missions  and  extensively  used  in  terrestrial  appli¬ 
cations.  Russian  built  ‘Beta-M’  RTGs  fuelled  with  Strontium-90 
were  deployed  in  unmanned  lighthouses,  coastal  beacons  and 
remote  weather  and  environment  monitoring  stations  and  had  a 
typical  power  output  of  around  230  Watts  electrical  (We)  [1].  The 
original  network  of  automatic  weather  stations  (AWSs)  in  Antarc¬ 
tica  was  powered  by  RTGs;  however,  by  the  early  1990s  safety  con¬ 
cerns  led  to  the  removal  of  these  power  sources  [2].  Today,  RTG 
devices  have  become  safer  in  design  due  to  advances  in  material 
fabrication  techniques. 

Efficient  power  production  has  always  been  one  of  the 
challenges  of  the  exploration  of  space  and  the  solar  system.  The 
challenge  is  even  greater  at  increasing  distance  from  the  Sun  or  be¬ 
neath  planetary  surfaces,  where  solar  light  intensity  levels  and  ex¬ 
treme  temperatures  could  preclude  the  use  of  solar  power  and 
chemical  power  generation  systems.  Additional  power  burdens 
on  the  budgets  available  for  certain  missions  may  be  imposed  by 
systems  that  have  specific  operating  temperatures  and  tempera¬ 
ture  control  requirements.  Radioisotope  power  sources  are  capable 
of  providing  both  thermal  control  and  electrical  power.  Reducing 
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the  mass  and  maximising  the  efficiency  of  radioisotope  power 
sources  will  have  a  positive  impact  on  the  overall  mass  budgets 
of  science  payloads  and  the  range  of  mission  scenarios  for  a  specific 
project. 

To  date,  238Pu  has  been  the  most  commonly  used  RTG  and  RHU 
isotope  for  space  applications.  Plutonium-238  decays  primarily  by 
alpha  emission,  where  the  energy  of  the  alpha  particle  is  ~5  MeV. 
Plutonium-238  can  also  decay  by  spontaneous  fission  with  a  very 
low  probability  [3].  The  absorption  of  the  alpha  particles  (and 
any  fission  products)  will  produce  heat  that  can  be  exploited  to 
generate  electricity  by  means  of  a  power  conversion  system,  in 
the  form  of  thermoelectric  junctions  or  other  power  conversion  cy¬ 
cles  (see  Section  1.3).  Current  concerns  over  the  limited  supply  and 
the  cost  of  producing  238Pu  [4]  has  increased  the  need  to  explore 
alternative  isotopes  for  these  applications.  The  radioisotopes  that 
are  presented  as  a  possible  solution  by  this  paper  are  241Am, 
208Po  and  210Po.  The  use  of  90Sr  is  also  discussed  briefly. 

1.1.  The  US  SNAP  program 

Under  the  systems  nuclear  auxiliary  power  (SNAP)  program,  a 
range  of  RTGs  and  small  reactors  were  developed  in  the  United 
States  for  space  and  military  use.  The  RTGs  developed  were  suc¬ 
cessfully  flown  on  several  satellite  and  space  exploration  missions 
[5].  The  efficiencies  of  some  of  the  early  devices  were  between  4% 
and  5%  [6].  This  was  due  to  limitations  in  the  power  conversion 
process  and  losses  within  the  system.  Latter  devices  such  as  the 
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multi  hundred  watt  (MHW)  power  sources  flown  on  the  voyager 
missions  and  the  general  purpose  heat  source  RTGs  (GPHS-RTG) 
as  flown  on  board  Galileo  and  Cassini  missions  have  efficiencies 
of  the  order  of  6.6%  [6]. 

SNAP-19  devices  were  successfully  used  on  the  Nimbus  meteo¬ 
rological  satellites  [reference],  Pioneer  10  and  11  [5]  and  were  also 
included  in  the  Viking  1  and  2  mars  lander  missions.  The  SNAP-19 
devices  were  loaded  with  238Pu02-Mo  fuel  cermets  with  a  total 
activity  ranging  from  34.4  to  80  kCi  [6]  depending  on  the  mission 
and  application. 

The  SNAP-27  devices  that  were  landed  on  the  moon  during  the 
Apollo  12,  14, 15,  16  and  17  missions  were  designed  to  provided  a 
beginning  of  life  (BOL)  output  power  of  63.5  We  (electrical  power 
in  Watts)  and  a  specific  power  density  of  3.2  We  /kg  [6].  The  total 
activity  of  the  SNAP-27  fuel  source  was  44.5  kCi  and  consisted  of 
microspheres  of  238Pu02  ceramic  [6].  These  devices  had  a  power 
conversion  system  with  a  5%  efficiency  based  on  PbSnTe  junctions. 
The  output  voltage  of  the  devices  was  between  14  and  16  V  D.C. 
SNAP-27  devices  were  used  as  power  sources  for  lunar  surface  sci¬ 
ence  experiments  with  life  spans  ranging  from  4  to  8  years  (Fig.  1 ). 

The  failure  of  the  Apollo  13  mission  enabled  the  testing  of  the 
integrity  of  the  SNAP-27  design  during  the  re-entry  of  the  lunar 
module  into  the  Earth’s  atmosphere.  The  lunar  module  splashed 
down  in  the  Tonga  Trench,  which  is  in  the  Pacific  Ocean.  No  mea¬ 
surements  of  contamination  have  been  made  to  date  and  it  is  as¬ 
sumed  that  the  SNAP-27  fuel  capsule  is  intact  at  a  depth  of 
6.5  km  below  the  surface  of  the  ocean. 

Even  though  the  integrity  of  the  SNAP  design  during  re-entry  is 
not  in  question,  the  additional  mass  of  the  aeroshell  and  cask  used 
by  this  system  reduced  the  overall  system  power  density  which 
could  be  improved  today  by  the  adoption  of  alternative  encapsula¬ 
tion  techniques. 

Following  the  SNAP  programmes,  the  US  developed  the  multi¬ 
hundred  watt  (MHW)  RTG  systems  to  provide  power  to  the  Lincoln 
experimental  satellites  LES  8  and  9  and  Voyager  1  and  2  spacecraft. 
These  devices  were  fuelled  by  24  pressed  spheres  of  238Pu02,  each 
with  an  activity  of  3.2  kCi.  Each  sphere  was  encapsulated  within  a 
cladding  of  iridium  alloy  and  housed  individually  within  a  filament 
wound  carbon-carbon  impact  shell.  All  24  assembled  spheres  were 
housed  within  a  cylindrical  POCO  graphite  aeroshell  for  re-entry 
protection  [6].  The  thermoelectric  conversion  was  performed  using 


SiGe  junctions  [8]  with  an  efficiency  of  6.7%  [6].  The  MHW  RTGs 
had  a  beginning  of  mission  power  level  of  2.4  l<Wth  [8]  or 
160.8  We.  The  overall  beginning  of  mission  system  power  density 
was  4.2  W/kg  [8]. 

1.2.  Current  space  battery  technology 

The  general-purpose  heat  source  radioisotope  thermoelectric 
generator  (GPHS-RTG)  is  a  power  source  that  features  an  inte¬ 
grated  modular  heat  source  design  [9]  (see  Fig.  2).  Originally  de¬ 
signed  for  the  Galileo  spacecraft,  the  GPHS-RTG  was  successfully 
used  for  the  NASA  Cassini  mission  and  more  recently,  the  New 
Horizons  Kuiper  belt  mission.  The  GPHS-RTG  was  originally  built 
by  the  US  Department  of  Energy  (DOE)  at  the  Mound  Laboratory 
in  Miamisburg,  Ohio.  As  a  result  of  increased  security  requirements 
and  costs  the  DOE  closed  the  Mound  site.  The  responsibility  for 
assembling  RTGs  was  transferred  to  a  new  space  battery  facility 
at  the  Idaho  National  Laboratory  Materials  and  Fuels  Complex 
(MFC).  This  was  done  prior  to  the  2006  New  Horizons  mission. 

A  general  purpose  heat  source  (GPHS)  module  is  a  composite 
carbon  body  that  houses  a  total  of  four  fuel  pellets  and  as  a  whole 
acts  as  an  aero-impact  shell.  The  isotope  fuel  for  the  GPHS-RTG  is 
in  the  form  of  plutonium  dioxide  (238Pu02)  at  approximately  80% 
density.  The  fuel  is  pressed  into  pellets  with  an  approximate  length 
and  diameter  of  27.6  mm  [9].  Each  pellet  has  approximately 
0.55  mm  of  iridium  alloy  (DOP-26)  cladding  [9]  that  is  used  to 
maintain  the  structural  integrity  of  the  pellet  both  under  normal 
operating  conditions  and  under  impact.  The  iridium  cladding  also 
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Fig.  1.  SNAP-27  RTG  deployed  on  the  lunar  surface  during  the  Apollo  16  mission  Fig.  2.  Top;  pre-flight  checkout  of  the  Cassini  GPHS-RTGs  -  courtesy  NASA/KSC. 
[7].  Bottom;  A  cutaway  schematic  of  the  GPHS  RTG  -  courtesy  NASA/JPL-Caltech. 
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prevents  the  interaction  of  the  source  alpha  particles  with  materi¬ 
als  with  low  atomic  masses,  which  could  produce  neutrons  via  oc-n 
reactions.  The  internal  structure  of  the  GPHS  module  consists  of 
two  composite  impact  shells  covered  by  a  carbon-bonded  carbon 
sleeve.  Each  internal  impact  shell  contains  two  fuel  pellets  sepa¬ 
rated  by  a  floating  membrane  [9].  The  thermal  power  output  of  a 
single  fuel  pellet  is  approximately  62.5  Wth  [9].  GPHS  modules 
can  be  stacked  together  and  thermally  coupled.  The  required  elec¬ 
trical  output  power  levels  are  achieved  through  the  appropriate 
selection  of  a  number  of  GPHS  modules  incorporated  in  a  RTG 
system.  The  number  of  modules  required  is  directly  related  to 
the  power  conversion  efficiency  of  the  system.  The  current 
GPHS-RTG  systems  have  a  power  conversion  efficiency  of  6.5%  to 
7%  and  an  overall  system  power  density  of  5.2  We  kg-1  [6]  if  a  stack 
of  18  GPHS  modules  is  used  [9].  The  thermoelectric  junctions  used 
for  power  conversion  by  the  GPHS-RTG  are  SiGe  type  junctions. 

The  238Pu  fuel  that  is  used  within  the  GPHS-RTG  systems  is  cur¬ 
rently  supplied  to  the  US  Department  of  Energy  (DOE)  by  Russia  in 
the  form  of  238Pu02  powder  with  an  activity  of  between  12.6  and 
15.1  Ci  g_1.  The  radioisotope  is  manufactured  by  the  proton  irradi¬ 
ation  of  237Np  or  via  the  neutron  irradiation  of  237Np  in  a  high  flux 
reactor.  The  latter  is  the  more  commonly  used  method  and  results 
in  the  production  of  238Np  (half-life  of  2.117  days),  which  decays 
via  beta  emission  into  238Pu.  Current  concerns  over  the  supply  of 
238Pu  [4]  have  prompted  the  DOE  to  investigate  the  feasibility  of 
establishing  a  production  line  in  the  US  in  order  to  meet  the  future 
needs  of  NASA  [10]. 

1.3.  Power  conversion 

RTG  systems  employ  thermoelectric  power  generators,  which 
produce  an  electric  potential  by  exploiting  the  Seebeck  effect. 
The  Seebeck  effect  is  observed  when  a  temperature  gradient  exists 
across  the  junction  of  two  different  metals  or  semiconductors  [10]. 
The  magnitude  of  the  thermoelectric  electro-motive  force  (EMF) 
across  each  junction  is  typically  of  the  order  of  pV  to  several  mV 
and  is  dependant  upon  junction  material  selection.  An  estimate 
for  each  junction  potential  with  hot  and  cold  side  temperatures 
(Th  and  Tc  respectively)  can  be  made  using  Eq.  (1).  The  Seebeck 
coefficient  apn  can  be  defined  as  the  thermoelectric  voltage  gener¬ 
ated  across  a  junction  of  thermoelectric  materials  p  and  n  sub¬ 
jected  to  a  junction  temperature  difference  (TH  -  Tc)  and  is 
usually  stated  in  units  of  pV  °C_1.  For  a  junction  of  SiGe,  this  has 
been  measured  to  be  on  average  135.4  pV°C_1  [11]. 

^junction  —  /  ^p-n  '  dT.  (1) 

Jtc 

Eq.  (1)  Seebeck  voltage  for  a  thermoelectric  junction  p-n  with  See¬ 
beck  coefficient  oep_n. 

Multiple  junctions  are  electrically  connected  in  series  to  provide 
the  required  power.  Thermoelectric  generator  module  junctions 
are  typically  assembled  such  that  the  cold  side  of  the  semiconduc¬ 
tor  element  is  soldered  to  a  metal  cap  and  the  hot  side  connection 
is  made  by  compressively  loading  the  element  against  the  hot 
junction  connecting-shoe.  Multiple  structures  can  be  assembled 
in  the  same  way  [12].  This  method  of  assembly  leads  to  the 
requirement  for  the  modules  to  be  installed  within  the  RTG  system 
under  mechanical  compression  [12]. 

RTG  systems  can  exploit  conduction,  convection  or  radiative 
processes  to  transfer  heat  to  the  conversion  units.  Certain  systems 
may  utilise  a  combination  of  these  methods.  One  of  the  main 
advantages  of  using  radiative  transfer  in  place  of  conduction  or 
convection  is  the  uniformity  of  the  temperature  of  the  hot  junction 
[12].  The  fundamental  disadvantage  of  heat  transfer  via  thermal 
radiation  is  the  high  temperature  requirements  placed  on  the  heat 


source.  High  operating  temperature  requirements  have  a  direct 
influence  on  the  materials  used  within  the  system  and  hence  the 
overall  system  mass. 

Alternative  power  conversion  technologies  are  currently  being 
studied,  including:  thermionic  [13],  thermophotovoltaic  [14],  Bray- 
ton  and  Stirling  power  conversion  systems  [15].  The  use  of  Stirling 
electric  generators  has  recently  been  of  great  interest  to  several  re¬ 
search  institutes  including  the  NASA  Glenn  Research  Center,  Cleve¬ 
land,  Ohio  [16].  The  main  interest  behind  this  research  lies  with  the 
desire  to  improve  on  the  power  conversion  efficiency  of  current 
thermoelectric  based  radioisotope  power  sources  [17],  which  to¬ 
day  have  efficiencies  of  the  order  of  6.5-7%  [6].  The  power  conver¬ 
sion  efficiencies  of  modern  Stirling  generators  is  placed  between 
22%  and  32%  [16]. 

Despite  their  greater  conversion  efficiencies,  mechanical  sys¬ 
tems  such  as  Stirling  generators  have  a  much  greater  mass  than 
thermoelectric  systems.  It  is  suggested  that  the  greater  efficiency 
allows  for  a  reduction  in  fuel  mass  when  compared  to  current 
GPHS-RTG  systems  [18].  However,  this  fuel  saving  is  unlikely  to 
translate  into  a  net  system  mass  saving.  Concerns  over  the  opera¬ 
tional  lifetimes  of  mechanical  systems  operating  in  a  high  radiation 
environment  and  the  need  to  the  balance  the  mass  associated  with 
such  a  unit  is  addressed  by  having  a  dual-device  deployment  strat¬ 
egy.  This  strategy  has  called  into  question  the  economics  of 
mechanical  power  conversion.  For  these  reasons,  more  research 
into  the  overall  benefits  of  using  these  systems  in  place  of  the  ther¬ 
moelectric  based  systems  is  required.  Research  into  alternative  so¬ 
lid-state  power  converters  and  hybrids  of  these  technologies  will 
prove  to  be  vital  to  the  improvement  of  conversion  efficiency 
and  the  minimisation  of  system  mass. 


2.  Reduced  neutron  and  gamma  ray  radiation  emissions 

The  careful  selection  and  design  of  the  radioisotope  fuel  source 
will  make  it  possible  to  derive  the  most  mass  efficient  shielding 
configuration.  The  selection  of  an  isotope  for  a  specific  application 
is  dependent  on  several  requirements.  These  requirements  in¬ 
clude;  mission  duration,  electrical  power  levels,  whether  the  de¬ 
vice  is  to  be  used  for  heating  in  addition  to  the  generation  of 
electricity,  proximity  to  sensitive  instrumentation  and  biological 
systems,  and  the  overall  mission  mass  budget. 

A  range  of  isotopes  were  considered  throughout  this  section  of 
our  study  as  potential  candidates  to  replace  238Pu  in  RTGs.  These 
included  241Am,  210Po,  208Po  and  the  already  extensively  used 
90Sr.  These  isotopes  are  primarily  alpha  particle  sources  with  the 
exception  of  90Sr,  which  undergoes  beta  decay. 

Despite  its  high  thermal  power  density  (see  Table  1),  the  use  of 
90Sr  as  a  direct  substitute  for  238Pu  in  the  GPHS  architecture  and 
use  within  a  low  mass  heat  source  is  impractical  without  enhance¬ 
ment  of  shielding  structures  due  to  the  emission  of  secondary  gam¬ 
ma  rays;  2  MeV  gamma  rays  from  90Y  [19],  the  short-lived 
daughter  nuclei  from  the  beta  decay  of  90Sr. 

A  similar  problem  is  exhibited  by  the  use  of  243Cm,  which  has  an 
alpha  particle  energy  spectrum  that  includes  alpha  energies  of  6.0, 
5.8  and  5.7  MeV  with  relative  emission  probabilities  of  6%,  81%  and 
13%,  respectively  [20].  Although  the  isotope  has  a  high  power  den¬ 
sity,  it  also  has  a  total  Gamma  Ray  emission  probability  of  61.6% 
per  decay  with  an  average  energy  of  130  keV  [21  ].  Simple  shielding 
with  high  density  materials  would  be  able  to  dramatically  reduce 
the  flux  of  low  energy  Gamma  Rays  with  a  mass  penalty. 

210Po  has  been  considered  and  demonstrated  historically  as  an 
alpha  source  for  fuelling  RTGs  [22].  210Po  has  a  specific  activity  of 
4.51<Cig_1  and  a  power  density  of  137Wthg_1.  The  half-life  of 
210Po  is  138.38  days  [19].  When  compared  to  238Pu  under  the  SNAP 
program,  the  shorter  half-life  of  210Po  resulted  in  the  favoured  use 
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Table  1 

Summary  of  the  key  properties  of  the  isotopes  presented 


Isotope 
and  form 

Decay 

Half  life 
(years) 

Theoretical 
specific  activity 
(Ci  g-1) 

Theoretical  specific 
thermal  power 
(Wg-'l 

Density 

(gcm“3) 

Neutron  flux 
(ns-’g-1) 

Average  charged 
particle  energy 
(MeV) 

Gamma  ray 
energy  (keV) 

Mass 

required  for 
5  We  (g) 

238Pu 

a 

87.74 

17.13 

0.557 

19.84 

2.932  x  103 

5.49 

43 

180a 

y 

99 

Pure  isotope 

Spont.  fission 

152 

238Pu 

a 

87.74 

15.10 

0.491  [0.345b] 

11.46 

3.030  x  104 

5.49 

43 

200a 

y 

(natural  oxide) 

99 

Pu02  aged 

Spont.  fission 

2.697  x  103 

152 

30  years 

(enriched  oxide) 

241  Am 

a 

432.70 

3.43 

0.111 

13.67 

1.364 

5.46 

26 

900a 

y 

33 

Pure  isotope 

Spont.  fission 

59 

241  Am 

a 

432.70 

2.73 

0.089 

11.68 

5.321  xlO3 

5.46 

26 

1124a 

y 

(natural  oxide) 

33 

Am02 

Spont.  fission 

1.080xl02 

59 

(enriched  oxide) 

208Po 

a 

2.898 

590 

17.81 

9.30 

- 

5.12 

C 

6a 

Metallic 

ya 

None 

210Po 

a 

0.38 

4493 

137 

9.30 

- 

5.30 

C 

0.7a 

Metallic 

ya 

None 

90Sr 

P 

28.78 

110.38 

0.128 

5.10 

- 

0.546 

2000 

781a 

SrO 

(2.28  from  90Yr) 

(90Yr) 

a  Based  on  a  5%  conversion  efficiency. 

b  Calculated  from  data  presented  by  Bennett  et  al.  [5]  for  current  materials  (approx.  25-30  years  old). 
c  Very  low  probability  of  emission. 


of  238Pu  for  space  applications.  The  delay  between  generator 
assembly  and  launch  required  a  much  greater  beginning  of  life 
power  in  order  to  deliver  the  minimum  beginning  of  mission 
power  levels  associated  with  238Pu  fuelled  power  sources. 

Both  isotopes  of  Polonium  have  a  single  step  alpha  decay  chain 
resulting  in  the  formation  of  stable  206Pb  and  204Pb,  respectively. 
Less  than  1  x  10-3%  of  the  decays  of  210Po  and  208Po  result  in  gam¬ 
ma  ray  production  with  respective  energies  of  803.1  keV  and 
291.8  keV.  210Po  and  208Po  have  a  respective  specific  power  density 
of  400  and  52  times  that  of  238Pu.  Given  the  negligible  gamma  ray 
emission  rate  from  these  sources,  very  little  high  density  shielding 
is  required  for  systems  fuelled  with  the  Po  isotopes.  Both  isotopes 
of  polonium  have  a  very  low  melting  point  (252  °C)  and  a  boiling 
point  of  962  °C  [23].  For  this  reason  careful  consideration  must 
be  made  into  heat  rejection  systems  for  the  pure  isotope  so  as  to 
prevent  its  vaporisation. 

208Po  is  produced  commercially  by  means  of  proton  irradiation 
of  207Bi  targets  inside  a  cyclotron.  210Po  is  most  cost  effectively  pro¬ 
duced  by  neutron  irradiation  of  209Bi  inside  a  nuclear  reactor.  The 
capture  of  neutrons  by  209Bi  nuclei  results  in  the  production  of 
210Bi  which  has  a  5  day  half-life  [19]  and  decays  by  Beta  emission 
to  210Po. 

Despite  the  requirement  for  large  beginning  of  life  power  levels, 
the  use  of  210Po  and  208Po  as  RTG  power  sources  could  be  consid¬ 
ered  for  deep  space  missions  provided  that  an  adaptive  heat 
exchange  system  could  be  used  to  maintain  an  appropriate  tem¬ 
perature  gradient  across  the  power  conversion  system.  Such  a  sys¬ 
tem  may  feature  a  pumped  cooling  fluid  such  as  liquid  metals. 
Adjustment  of  the  flow  rate  of  working  fluid  would  allow  for  tun¬ 
ing  of  the  heat  flow  from  the  cold  side  of  a  power  conversion  sys¬ 
tem  to  a  heat  rejection  mechanism.  Such  mechanisms  would  result 
in  a  mass  penalty  and  could  effectively  lower  the  system  power. 
This  would  also  add  to  the  complexity  of  the  system  and  may  call 
for  the  qualification  of  the  operational  life-time  of  the  system.  For 
this  reason  when  considering  the,  the  isotopes  of  Polonium  are  bet¬ 
ter  suited  to  short  duration  mission  applications  due  to  their  short 
half  lives  (2.898  and  0.38  years  for  208Po  and  210Po  respectively 
[19]). 

Americium-241  has  a  specific  thermal  power  that  is  approxi¬ 
mately  one  fifth  that  of  238Pu  and  a  half-life  that  is  approximately 


five  times  greater  than  that  of  238Pu.  The  spontaneous  fission  prob¬ 
ability  for  241  Am  is  4.30  x  1 0_lo%  of  all  decays.  This  is  equivalent  to 
a  103  reduction  in  neutron  flux  when  compared  to  an  equivalent 
amount  of  238Pu  in  their  pure  isotopic  form.  The  maximum  photon 
energy  produced  by  241  Am  is  59.5  keV  [19].  These  photons  can  eas¬ 
ily  be  shielded  using  relatively  thin  layers  of  high  density  materi¬ 
als.  Three  millimetres  of  aluminium  shielding  would  reduce  the 
intensity  of  the  gamma  ray  radiation  to  1%  of  its  original.  In  addi¬ 
tion  to  this,  241  Am  is  also  easily  extracted  from  stockpiles  of  trans- 
uranic  waste;  the  bi-product  of  nuclear  fission  reactors.  The 
production  of  241  Am  occurs  in  two  steps.  Firstly  241  Pu  is  formed 
during  double  neutron  capture  reactions  within  the  core  of  a  reac¬ 
tor.  241  Pu  has  a  half-life  of  14.4  years  and  decays  via  beta  emission 
to  form  241  Am  [19].  Figs.  3  and  4  illustrate  the  spontaneous  fission 
neutron  spectra  that  dominate  for  pure  241Am  and  238Pu  sources. 
The  data  illustrated  in  Figs.  3  and  4  was  produced  through  the 
modelling  of  a  1  cm3  source  consisting  of  the  corresponding  iso¬ 
topes  using  the  Monte  Carlo  N-Particle  transport  code  MCNPX 
6™  [24].  Using  this  code,  the  source  was  assigned  appropriate 
spontaneous  fission  probabilities  (1.85  x  10_7%  of  decay  events 
for  Pu02  [3]  and  4.30  x  10_lo%  of  decay  events  for  Am02  [3])  and 
a  neutron  energy  spectrum  was  calculated  by  means  of  a  tally 
function  throughout  the  volume  of  the  source.  The  statistics  gener¬ 
ated  by  these  MCNPX  simulations  were  resultant  from  the  calcula¬ 
tion  of  lxlO6  spontaneous  fission  events. 

Both  241Am  and  238Pu  are  chemically  stable  under  the  operating 
temperatures  and  conditions  (<1000  °C)  in  their  oxide  forms.  These 
are  Am02  and  Pu02  respectively.  These  oxide  compounds  are 
formed  when  Americium  nitrate  or  Plutonium  nitrate  is  heated 
in  an  oxygenated  atmosphere  (air)  between  700  and  800  °C.  Natu¬ 
ral  oxygen  is  composed  of  99.757%  160,  0.038%  170  and  0.205%  180 
[19].  The  threshold  energy  for  the  160  alpha-neutron  (oe,n)  reaction 
is  15.24  MeV  [25]  and  hence  this  particular  reaction  does  not  occur 
for  238Pu  or  241Am  in  their  oxide  compounds.  Although  low  in  con¬ 
centration,  the  (oe,n)  reaction  cross-sections  for  170  and  180  are 
significant  for  alpha  particles  with  energies  in  the  range  from  0 
to  6  MeV.  Quantitatively,  for  alpha  particles  with  energies  of 
5.5  MeV,  the  cross-sections  of  170  and  180  are  206  milibarns  and 
440  milibarns  respectively  [26].  The  170  (oc,n)  reaction  has  a  Q 
value  of  +0.587  MeV  and  a  threshold  energy  of  0  MeV  [27].  The 
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Spontaneous  fission  spectrum  per  gram  of  241Am02 


Fig.  3.  Spontaneous  fission  (S.F.)  neutron  yield  per  gram  of  241Am.  This  S.F.  spectrum  was  generated  using  the  Monte  Carlo  N-Particle  transport  code  MCNPX  version  6  [24], 
the  statistics  from  which  were  derived  from  the  calculation  of  1  x  106  spontaneous  fission  events. 


Spontaneous  fission  spectrum  per  gram  of  ^PuOj 


Neutron  Energy  (MeV) 

Fig.  4.  Spontaneous  fission  (S.F.)  neutron  yield  per  gram  of  238Pu.  This  S.F.  spectrum  was  generated  using  the  Monte  Carlo  N-Particle  transport  code  MCNPX  version  6  [24],  the 
statistics  from  which  were  derived  from  the  calculation  of  1  x  106  spontaneous  fission  events. 


180  (oc,n)  reaction  has  a  Q.  value  of  -0.697  MeV  and  a  threshold 
energy  of  0.852  MeV  [27].  Thus,  for  pure  isotopes  with  predomi¬ 
nantly  low  spontaneous  fission  probabilities,  and  hence  relatively 
low  neutron  flux,  when  an  oxide  or  dioxide  compound  of  such  iso¬ 
topes  is  formed,  an  entirely  different  neutron  emission  spectrum  is 
produced. 

In  order  to  facilitate  accurate  modelling  of  RTG  radiation  sources, 
the  calculation  of  a  total  neutron  energy  spectrum  was  necessary.  By 
treating  the  radiation  source  as  a  homogenous  mixture  of  oxygen 
and  the  parent  radionuclide  with  a  unified  molar  mass  M0,  it  is 
possible  to  estimate  the  stopping  power  of  the  matrix  [28]: 


d E  _  (  e2  \2  (NAp\  /4ttz2Z\  \  (2 mc2p2\ 

~  fey  fey  Ufe  [  y 


ln(l  -p2)-p2  . 

(2) 


Eq.  (2):  The  Bethe  Bloch  formula  for  a  material  with  molar  mass  M0, 
density  p  and  reaction  target  atomic  number  Z  for  an  incident 
particle  with  charge  z  and  velocity  v  (where  p  is  the  ratio  of  velocity 
to  speed  of  light  c)  [28,29]. 

Using  the  stopping  power  of  the  compound  matrix  it  is  possible 
to  estimate  the  neutron  yield  for  a  thick  source.  An  energy  spec¬ 
trum  can  easily  be  obtained  from  Eq.  (2) 


Eq.  (3)  Neutron  yield  for  a  thick  target  of  compound  with  molar 
mass  M0  and  density  p  where  a  is  the  reaction  cross  section  as  a 
function  of  energy  [29,30]. 

Total  neutron  spectra  were  produced  for  both  Am02  and  Pu02 
by  the  combination  of  their  spontaneous  fission  neutron  spectra 
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and  the  neutron  yields  as  a  result  of  (oc,n)  -reactions  with  170  and 
180  obtained  through  the  application  of  Eqs.  (2)  and  (3).  These 
spectra  are  illustrated  in  Figs.  5  and  6. 

It  can  be  deduced  from  Figs.  5  and  6  that  the  neutron  yield  from 
the  (oe,n)  reaction  with  170  and  180  is  the  dominant  feature  in  the 
total  neutron  spectra  for  both  238Pu02  and  241Am02.  Upon  exami¬ 
nation  of  the  total  neutron  yield  per  gram  of  241Am  and  241Am02, 
there  is  a  stark  contrast.  The  neutron  yield  for  241Am  in  a  pure 
metallic  form  is  around  1.353  n  s_1  g-1  (derived  from  spontaneous 
fission),  whereas  that  of  Am02  is  around  5.321  x  103  n  s-1  g-1.  For 
metallic  238Pu  the  neutron  yield  is  around  2.932  x  103ns_1  g_1 
and  for  Pu02  the  neutron  yield  is  of  the  order  of  3.030  x 
104n.  s-1  g_1.  These  results  and  the  spectra  illustrated  in  Figs.  5 
and  6  were  verified  using  the  SOURCES  4C  code  [31]. 

If  a  reduction  in  the  total  neutron  yields  for  both  Am02  and 
Pu02  is  required  for  safety,  chemical  processing  of  the  materials 


may  be  performed  which  includes  oxygen  enrichment.  The  princi¬ 
pal  of  oxygen  enrichment  is  to  alter  the  composition  of  the  oxide 
from  the  natural  oxygen  isotopic  ratios  to  one  that  is  mostly  com¬ 
posed  of  160.  A  process  has  been  established  for  the  oxygen  enrich¬ 
ment  of  238Pu02  [32].  This  process  involves  the  heating  of  Pu02 
formed  in  a  natural  oxygen  environment  up  to  around  1000  °C 
while  simultaneously  subjecting  the  materials  under  positive  pres¬ 
sure  to  a  flow  of  160  enriched  oxygen  carried  in  Argon  gas  [33]  with 
approximately  4:1  flow  ratio  of  160  to  argon  [32].  This  main  proce¬ 
dure  is  undertaken  for  approximately  30  min  and  allows  the  160 
atoms  to  exchange  from  the  gas  flow  into  the  Pu02  ceramic  while 
the  exhaust  flow  from  the  process  carries  away  approximately  98% 
of  the  original  170  and  180  content.  The  processing  time  is  the  main 
driving  variable  for  the  final  level  of  enrichment  for  any  given  160 
flow  rate  and  processing  temperature.  The  resultant  reduction  in 
the  neutron  flux  for  oxygen-enriched  Pu02  is  approximately 


Average  total  neutron  spectrum  per  gram  of  241Am02 
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Fig.  5.  Total  neutron  yield  per  gram  of  241Am02  compound  matrix  based  on  an  average  a  energy  of  5.46  MeV. 
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Fig.  6.  Total  neutron  yield  per  gram  of  238Pu02  compound  matrix  based  on  an  average  a  energy  of  5.49  MeV. 
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Comparison  of  Isotope  Performance 
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Fig.  7.  A  plot  of  calculated  system  performances  for  theoretical  RTGs  with  a  beginning  of  mission  power  output  of  5  We  fuelled  by  candidate  alternative  reduced  radiation 
isotopes.  These  performances  are  compared  to  that  of  a  similar  device  fuelled  by  238Pu. 


91.1%  [32]  down  to  around  2.697  x  103  n  s-1  g_1.  In  terms  of  the 
yield  due  to  a-n  reactions,  oxygen  enrichment  reduces  the  a-n 
neutron  yield  from  92%  of  the  total  flux  to  a  contribution  of  only 
13.4%  of  the  total  yield  (approx.  359  ns-1  g"1  of  238Pu02).  Thus, 
approximately  86.6%  of  the  total  neutron  yield  for  oxygen-enriched 
238Pu02  is  derived  from  spontaneous  fission. 

Given  the  level  of  success  of  the  oxygen  enrichment  processing 
of  Pu02,  it  is  equally  conceivable  that  an  almost  identical  process 
can  be  applied  to  the  enrichment  of  Am02  materials.  Under  such 
processing,  the  maximum  permissible  exchange  temperature 
should  not  exceed  1100°C,  the  dissociation  temperature  of 
Am02.  Assuming  that  the  oxygen  exchange  process  can  achieve 
the  same  degree  of  160  purity  and  given  that  241  Am  produces  103 
times  fewer  spontaneous  fission  neutrons  than  238Pu,  it  is  esti¬ 
mated  a  97.97%  reduction  in  the  total  neutron  yield  for  241Am02 
can  be  achieved.  This  would  result  in  a  total  neutron  yield  of 
approximately  1.08  x  102  n  s_1  g_1  of  241Am02. 

The  radioactivity  properties  for  the  isotopes  determined  above 
is  summarised  in  Table  1.  Table  1  also  includes  basic  material  prop¬ 
erties  for  each  isotope  along  with  common  physical  forms. 

In  order  to  assist  in  the  selection  of  the  most  appropriate  iso¬ 
topes  for  use  under  a  space  or  planetary  mission  architecture,  a 
plot  of  electrical  power  output  versus  mission  time  was  generated 
for  a  typical  beginning  of  mission  power  level  for  a  modern  surface 
experiment.  See  Fig.  7.  The  beginning  of  mission  power  level  cho¬ 
sen  for  this  study  was  5  We  since  this  is  also  typical  of  the  order  of 
what  would  be  required  to  provide  power  for  an  electric  propul¬ 
sion  system  that  may  augment  or  provide  alternative/redundant 
propulsion  for  an  outer  planet  or  Kuiper  belt  space  mission.  As 
can  be  seen  in  Fig.  7,  after  30  years  of  operation,  241  Am  fuelled 
sources  are  capable  of  delivering  approximately  95.3%  of  the  begin¬ 
ning  of  mission  power.  After  the  same  period,  238Pu  fuelled  devices 
can  deliver  a  maximum  of  78.9%  of  the  beginning  of  mission  elec¬ 
trical  power. 

As  expected,  the  results  in  Fig.  7  show  that  210Po  and  208Po 
sources  are  ideal  for  missions  where  the  thermal  power  and  radio¬ 
activity  are  required  to  drop  to  a  minimum  after  a  relatively  short 
operating  period.  Both  isotopes  decay  into  stable  lead.  An  example 
of  such  requirements  may  be  for  use  by  probes  that  are  required  to 


penetrate  through  ice  sheets  on  icy  moons  or  for  terrestrial  glaciol¬ 
ogy  studies.  Once  the  required  depth  has  been  achieved,  the  ther¬ 
mal  output  of  the  system  would  decay  to  a  negligible  level  after  a 
relatively  short  period  and  would  have  little  impact  on  the 
environment. 


3.  Radioisotope  fuel  cermets  and  encapsulation 

Fuel  cermets  have  been  examined  as  a  means  of  encasing  fissile 
fuels  for  use  in  reactor  systems  such  as  in  nuclear  thermal  rocket 
propulsion  [34].  Cermet  (ceramic-metallic)  encapsulation  is  the 
formation  of  a  material  matrix  composed  of  an  intimate  mixture 
of  metallic  carrier  material  and  a  ceramic  compound  such  as  a 
radioisotope  in  its  oxide  form.  A  cermet  matrix  may  alternatively 
be  formed  where  the  ceramic  materials  are  used  as  a  carrier  mate¬ 
rial  for  a  metallic  material.  The  matrix  density  can  be  tuned  as  de¬ 
sired  so  as  to  control  the  overall  strength  and  porosity  of  the 
structure  in  addition  to  the  control  of  migration  of  the  contained 
materials.  This  technology  can  be  applied  to  the  carriage  of  isotopic 
materials  within  a  stable  and  secure  metallic  carrier.  The  Transit- 
RTG  and  the  SNAP-19  RTG  both  used  a  plutonium  dioxide-molyb¬ 
denum  fuel  cermet  that  was  encapsulated  in  refractory  metal 
cladding  for  containment  [6].  During  the  ROVER/NERVA  nuclear 
thermal  rocket  programs,  uranium  fuel  was  dispersed  into  a  graph¬ 
ite  matrix  [35].  This  had  the  disadvantage  of  being  chemically 
unstable  in  a  high  temperature  hydrogen  environment  [36],  which 
led  to  the  structural  failure  of  the  reactor  cores  and  release  of  fis¬ 
sion  products  into  the  exhaust  stream.  Current  research  into  tung¬ 
sten  matrix  cermets  is  expected  to  overcome  the  problem  of  the 
high  temperature  stability.  Tungsten  exhibits  good  thermal  con¬ 
ductivity  and  has  a  high  melting  point.  In  addition  to  this,  it  has 
been  demonstrated  that  a  tungsten  matrix  is  capable  of  containing 
any  gaseous  fission  products  up  to  a  temperature  of  1550  °C  [37]. 
Although  the  density  of  tungsten  is  much  greater  than  that  of 
graphite,  the  physical  properties  of  the  material  result  in  a  much 
smaller  volume  requirement. 

The  high  melting  point  of  tungsten  may  be  sufficient  to  pre¬ 
vent  the  release  of  encapsulated  radiological  materials  during  an 
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accidental  re-entry,  launch  failure  or  re-entry  anomaly  associated 
with  any  space  mission.  This  should  be  validated  through  compu¬ 
tational  modelling  and  experimental  testing.  The  encapsulation  of 
the  radioactive  materials  in  tungsten  could  provide  additional  radi¬ 
ation  shielding.  The  effect  of  the  encapsulation  in  tungsten  on  the 
radiation  dose,  for  various  isotopes,  has  been  evaluated  by  Monte 
Carlo  methods  (see  Sections  4  and  5). 

Traditional  fabrication  of  the  fuelled  cermets  is  undertaken  at 
both  high  temperatures  and  high  pressures  using  an  isostatic  sin¬ 
tering  process.  Sintering  of  pre-pressed  matrices  requires  the 
materials  to  be  heated  up  to  temperatures  above  their  melting 
temperatures  for  a  prolonged  period  [38].  The  combination  of  high 
temperature  with  isostatic  pressing  in  a  single  process  (known  as 
hot  isostatic  pressing  or  ‘hipping’)  ensures  uniform  consolidation 
of  materials  at  temperatures  below  their  melting  points.  Spark 
plasma  sintering  (SPS)  is  a  relatively  new  powder  metallurgy  tech¬ 
nique  that  is  capable  of  greatly  reducing  the  average  sintering  tem¬ 
perature  [38]  and  minimising  grain  growth  that  is  typically 
observed  using  the  traditional  sintering  techniques  [39].  In  the 
SPS  process,  a  powder  mixture  is  heated  by  Joule  heating  which 
is  a  result  of  the  passing  of  electric  current  through  the  powder 
matrix  that  is  to  be  consolidated.  This  is  effectively  the  same  as 
conventional  resistive  heating  with  the  exception  that  the  temper¬ 
ature  is  varied  throughout  the  process  by  the  pulsation  of  the  cur¬ 
rent.  There  are  therefore  two  distinct  operating  temperatures  for 
an  SPS  furnace;  the  average  temperature,  and  a  much  higher  tem¬ 
perature  that  is  only  reached  during  the  flow  of  the  current  pulses. 
The  average  temperature  is  tuned  to  be  lower  than  the  melting 
point  of  the  materials  in  the  matrix.  This  therefore  reduces  or  pre¬ 
vents  the  dissociation  of  the  molecules  of  the  encapsulated 
materials. 

The  overall  setup  consists  of  a  conductive  (graphite)  die  into 
which  the  powder  mixture  is  formed,  a  press  and  a  high  power 
pulsed  DC  circuit.  The  die,  and  ultimately,  the  powder  mixture  it¬ 
self  form  the  completing  component  for  the  DC  circuit.  The  geom¬ 
etry  of  the  die  determines  the  radial  geometry  of  the  pressed/ 
sintered  cermet.  The  powdered  fuel  (in  oxide  form)  and  tungsten 
metal  powders,  typically  less  than  10  pm  in  grain  size,  are  mixed 
to  the  desired  ratio.  Once  prepared,  the  mixture  is  loaded  into 
the  graphite  die.  The  die  is  then  put  under  compression  in  between 
two  electrodes  in  a  hydraulic  press  [40]  in  order  to  compact  the 


mixture.  At  this  point  a  current  is  passed  with  a  discharge  pulse 
of  the  order  of  several  tens  of  1<A,  and  its  duration  is  of  the  order 
of  several  hundreds  of  microseconds  [41]. 

During  each  current  discharge,  metallic  material  is  transported 
by  the  spark  propagation  across  the  pores  of  the  matrix.  When  the 
current  is  switched  off,  the  matrix  undergoes  rapid  cooling  result¬ 
ing  in  the  condensation  of  the  metallic  vapours  within  the  regions 
where  there  is  mechanical  contact  between  powder  grains  [41]. 
This  condensation  of  vapour  produces  necks  that  enhance  these 
joints.  The  material  transport  in  subsequent  spark  pulses  is  accen¬ 
tuated  due  to  the  greater  electric  current  density  in  the  necks  and 
contacts  than  inside  the  body  of  each  powder  grain.  The  rate  of 
material  transport  is  enhanced  through  the  application  of  an  exter¬ 
nal  compressive  force  [43]  resulting  in  the  plastic  deformation  of 
the  powder  grains  at  each  interface  [39]  resulting  in  a  flatter  joint 
with  lower  electrical  resistance.  This  process  propagates  through¬ 
out  the  matrix  enhanced  by  the  external  pressure  which  induces 
plastic  flow  of  the  material  to  form  a  sintered  cermet  with  a  den¬ 
sity  that  is  very  close  the  full  theoretical  density.  This  process  prop¬ 
agation  is  similar  to  that  exhibited  in  the  consolidation  of  matrices 
by  hot  isostatic  pressing  [39].  This  process  is  illustrated  in  Fig.  8. 

For  isotopic  fuels  that  produce  heat  through  alpha  decay,  it  is 
important  to  consider  the  probability  of  (a,n)  reactions  contribut¬ 
ing  to  the  radiation  flux  or  dose  generated  by  the  source.  This  effect 
should  be  minimised  during  the  matrix  design  process  by  calcu¬ 
lated  materials  selection.  Generally,  materials  with  high  atomic 
numbers  will  reduce  the  contribution  from  (oe,n)  reactions.  Thus 
tungsten  is  again  a  favourable  material  for  cermet  fabrication. 
Using  the  SOURCES  4C  code  [31  ]  it  was  estimated  that  a  57%  reduc¬ 
tion  in  the  (oe,n)  reaction  derived  neutron  flux  can  be  achieved  by 
producing  an  intimately  mixed  matrix  composed  of  50%  241Am02 
and  50%  Tungsten  by  volume.  This  neutron  flux  can  be  reduced 
by  a  total  of  65.9%  by  changing  the  volumetric  composition  of 
the  matrix  to  40%  Tungsten.  It  is  believed  that  a  cermet  consisting 
of  50%  241Am02  by  volume  is  approximately  the  maximum  volume 
fraction  that  the  fuel  material  can  occupy  without  affecting  the 
matrix  integrity  and  strength.  This  will  be  evaluated  in  future 
work. 

In  order  to  minimise  thermal  stresses  across  a  fuel  cermet,  the 
geometry  must  be  designed  so  as  to  minimise  the  temperature  gra¬ 
dient  across  the  cermet  radius.  Finite  element  modelling  (FEM)  and 
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Fig.  8.  Spark  plasma  sintering  (SPS)  principal  schematic  showing  the  consolidation  of  powdered  material  through  neck  formation  and  applied  pressure  [42]. 
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analysis  of  the  cermet  thermal  environment  is  used  to  minimise 
the  radial  temperature  gradient  while  maximising  heat  transfer 
to  a  thermoelectric  conversion  system.  In  the  development  phase 
of  the  project  we  aim  to  develop  a  generic  prototype  tungsten  cer¬ 
met.  Varying  amounts  of  fuel  simulant  will  be  added  to  test  the 
thermal  mechanical  and  chemical  properties  of  the  structure. 

The  alpha  decay  process  within  a  tungsten-isotope  cermet  will 
result  in  the  production  of  helium  nuclei.  This  helium  production 
could  be  detrimental  to  the  integrity  of  the  cermet  structure  given 
that,  for  example,  per  kilogram  of  plutonium  there  are  approxi¬ 
mately  0.3  pmol  of  helium  produced  per  day.  In  order  to  prevent 
helium  cavity  formation  within  the  cermet,  porosity  of  the  mate¬ 
rial  must  be  tuned  such  that  helium  can  be  vented.  The  tuning  of 
cermet  porosity  occurs  during  the  pressing  and  sintering  processes 
in  such  a  way  that  un-pressed  cermets  will  have  the  maximum 
porosity  and  when  pressed  to  maximum  density,  the  porosity  is 
minimised.  Experimental  results  will  be  used  to  verify  this  porosity 
tuning  technique. 

The  241Am02-W  fuel  cermet  will  be  surrounded  by  a  hermeti¬ 
cally  sealed  outer  shell  or  jacket  of  tungsten  or  tungsten  carbide. 
Tungsten  carbide  would  ultimately  increase  the  surface  hardness, 
while  providing  some  radiation  shielding.  This  composite  structure 
will  reduce  the  encapsulated  cermet  mass  by  up  to  19%  when  com¬ 
pared  to  a  matrix  of  similar  geometry,  composed  entirely  of 
241Am02-W.  Experimentation  into  production  techniques  will  be 
used  to  verify  the  effectiveness  of  this  technology.  For  non-prolif¬ 
eration  protection,  tungsten  carbide  can  provide  resistance  against 
the  cutting  of  the  materials  while  the  matrix  itself  makes  extrac¬ 
tion  of  the  isotopic  materials  extremely  challenging. 

Fig.  9  is  a  schematic  diagram  of  the  geometry  described  above. 
The  hexagonal  tungsten  carbide  outer  shell  provides  both  total 
encapsulation  for  the  fuel  loaded  cermet  and  a  mechanical  inter¬ 
face  for  thermo-electric  generator  (TEG)  modules.  Each  hexagonal 
face  will  have  two  TEG  modules,  where  each  module  has  a  foot¬ 
print  of  30  mm  x  30  mm. 

A  similar  geometry  and  encapsulation  process  using  SPS  is  pro¬ 
posed  for  isotopes  that  are  typically  produced  in  metallic  form 
such  as  those  of  Polonium.  Here,  an  all-metallic  matrix  could  be 
produced  such  as  Po-W  for  high  strength  and  high  temperature 
operation,  or  Po-Al  for  low  mass  systems.  Again,  it  may  be  advan- 


Facet  width  of  30  mm 


Fig.  9.  Prototype  hexagonal  encapsulated  cermet  geometry.  A  tungsten  carbide 
outer  jacket  surrounds  a  central  americium  dioxide/tungsten  cermet.  The  outer 
jacket  has  a  hexagonal  exterior  geometry  with  facet  widths  of  30  mm  so  as  to 
facilitate  direct  coupling  with  thermoelectric  modules. 


tages  to  include  an  outer  encapsulation  shell  of  tungsten  carbide 
for  such  matrices  for  structural  integrity  and  security. 

4.  System  radiation  environment  modelling  and  shielding 
criteria 

Our  initial  study  investigated  the  theoretical  substitution  of  the 
GPHS  238Pu  fuel  pellets  with  the  candidate  isotopes  listed  in 
Section  5.  The  study  explored  the  effect  of  isotope  selection  on 
the  system  mass,  thermal  power  output  and  radiation  dose.  The 
candidate  isotopes  studied  were  241  Am  in  a  241Am02  ceramic  pellet 
form,  241Am02  in  tungsten  matrices  with  varying  tungsten  volume 
fractions  and  90Sr  in  a  90SrO  ceramic  form.  The  study  also  investi¬ 
gated  the  effects  upon  radiation  dose  by  the  use  of  fuels  in  both 
natural  oxide  composition,  and  in  160  enriched  oxide  form. 

The  substitution  for  238Pu  for  polonium  was  examined  with 
both  208Po  and  210Po  encapsulated  in  a  tungsten  matrix  by  means 
of  spark  plasma  sintering  (SPS).  For  the  purposes  of  this  study,  a 
10%  pellet  volume  fraction  of  polonium  was  assumed.  This  encap¬ 
sulation  architecture  could  maintain  capture  of  all  15.25  g  of  the 
polonium  loading  in  each  pellet.  The  hazards  associated  with  this 
particular  substitution  are  most  certainly  not  attributed  to  normal 
operation.  Given  that  polonium  has  a  vaporisation  temperature 
that  is  lower  than  the  predicted  SPS  sintering  temperature  of  Tung¬ 
sten  (~1500  °C),  production  of  a  consolidated  polonium-tungsten 
matrix  may  be  challenging.  Alternatively  a  polonium-aluminium 
substitute  matrix  could  be  produced  since  aluminium  has  been 
consolidated  using  an  SPS  furnace  at  around  500-550  °C  by  Zadra 
et  al.  [44]  given  that  this  is  less  than  the  vaporisation  temperature 
of  polonium.  Such  a  consolidation  would  depend  upon  the  existing 
GPHS  module  internal  aeroshell  to  ensure  safe  re-entry  of  the  cer¬ 
met  into  the  atmosphere  but  is  likely  to  be  able  to  maintain  cap¬ 
ture  of  the  polonium  loading. 

A  Monte  Carlo  model  of  the  GPHS  module  was  created  in  order 
to  evaluate  the  effect  of  isotope  selection  on  radiation  dose.  The 
Monte  Carlo  code  MCNPX™  [24]  was  used  to  carry  out  the  simula¬ 
tions.  The  initial  model  was  set  up  to  represent  the  current  GPHS 
architecture  which  includes  a  graphite  module  casing  and  two 
graphite  internal  aeroshell  structures,  each  containing  two  iridium 
clad  238Pu02  fuel  pellets  separated  by  a  graphite  floating  mem¬ 
brane.  In  this  model,  the  fuel  pellets  have  an  equal  length  and 
diameter  of  27.6  mm  [9]  and  the  iridium  cladding  has  a  thickness 
of  0.5  mm.  The  activity  of  each  pellet  was  calculated  to  be  approx¬ 
imately  2.8  kCi  based  on  a  specific  activity  of  15.1  Ci  g_1  for  the 
238Pu02  ceramic.  The  output  power  of  each  238Pu02  pellet  was  also 
found  to  be  62.5  Wth-  Graphite  was  used  as  a  substitute  for  the 
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Fig.  10.  Three-dimensional  drawing  of  the  GPHS  module  MCNPX  [24]  geometry 
model. 
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carbon-bonded-carbon  sleeve  that  covers  the  internal  aeroshell  of 
the  GPHS  module.  The  GPHS  geometry  model  used  under  the 
MCNPX  software  package  is  illustrated  in  Fig.  10.  The  dose  rates  re¬ 
corded  were  calculated  for  a  spherical  shell  of  water  with  a  thick¬ 
ness  of  10  mm  and  an  internal  radius  of  1  m  from  the  centre  of  the 
GPHS  module. 

The  results  from  this  study  are  shown  in  Table  2.  The  fuel  mass 
and  thermal  power  output  for  a  single  module  is  represented 
graphically  in  Figs.  11  and  12  below.  As  can  be  seen  in  these  re¬ 
sults,  there  is  a  very  small  mass  increase  associated  with  the  direct 
substitution  of  the  original  238Pu  plutonium  dioxide  fuel  pellets 
with  241Am  americium  dioxide.  In  addition,  there  is  approximately 
an  80%  reduction  in  the  thermal  power  output  of  a  single  GPHS 
module. 

An  advantage  of  using  241Am02  as  a  replacement  fuel  is  in  the 
90%  gamma  ray  dose  reduction.  For  the  GPHS  architecture,  it  is 
clear  from  Table  2  that  encapsulation  in  a  tungsten  cermet  has 
an  overall  detrimental  effect  on  the  module  mass  and  thermal 
power  density.  Given  that  the  graphite  impact  shells  of  the  GPHS 
modules  provide  protection  during  critical  mission  failures  such 
as  launch  abort  scenarios,  and  that  the  iridium  cladding  around 
the  fuel  pellets  provides  some  degree  of  soft  X-ray  and  gamma 
ray  shielding,  there  is  little  advantage  in  using  tungsten  based 
matrices  for  the  encapsulation  of  the  Am02  fuel  as  a  direct  replace¬ 
ment  for  the  current  GPHS  238Pu02  fuel  pellets.  However,  for  non¬ 
proliferation  safety  measures,  encapsulation  within  a  tungsten  or 
tungsten  carbide  matrix  may  prove  to  be  advantageous. 

The  application  of  208Po  and  210Po  encapsulated  in  aluminium 
matrices  to  the  GPHS  architecture  is  extremely  attractive  for  small 
systems  that  demand  a  high  initial  power  density  over  relatively 
short  durations.  As  discussed  in  Section  2,  the  mission  duration 
and  minimum  power  requirements  would  ultimately  define  the 
suitability  of  such  isotope  selection.  It  is  appreciable  that  for  future 
lunar  missions,  small  dynamic  converter  based  isotope  power  sys¬ 
tems  that  take  advantage  of  the  GPHS  architecture  by  using  1  or  2 
GPHS  modules,  such  as  the  NASA  advanced  Stirling  radioisotope 
generator  (ASRG),  could  be  a  potential  application  for  the  208Po  iso¬ 
tope.  Under  such  an  application,  it  is  quite  conceivable  that  a  sys¬ 
tem  similar  to  the  ASRG  could  provide  up  to  580  We  for  a  minimum 
of  2-3  years  through  the  employment  of  adaptive  radiator  designs 
in  addition  to  providing  thermal  management  for  electrical  and/or 
mechanical  systems  during  extended  periods  of  darkness  such  as 
lunar  night. 

Although  the  fuelling  of  a  GPHS  module  with  90SrO  results  in  a 
55.5%  decrease  in  the  module  fuel  mass,  there  is  also  a  decrease  in 
thermal  output  power  by  82.9%.  This  ultimately  requires  almost  6 
times  the  mass  of  90SrO  fuel  in  order  to  achieve  the  same  power 
thermal  output  as  the  GPHS  RTGs  fuelled  by  238Pu02.  This  trans¬ 
lates  into  a  1.2  kg  mass  increase  per  module  compared  to  the 
238Pu02  fuel  mass.  The  dramatic  increase  in  gamma  radiation  dose 
produced  by  such  a  substitution  implies  that  increased  shielding 
would  be  required  which  in  turn  could  make  the  use  of  90Sr  in 
the  form  of  90SrO  incompatible  with  he  GPHS  architecture.  These 
findings  are  consistent  with  those  presented  in  the  study  by  Oand- 
so  et  al.  [45]. 

On  completion  of  the  initial  GPHS  study,  it  became  apparent 
that  several  shielding  criteria  for  reduced  radiation  power  sources 
could  be  met  by  appropriate  isotope  selection.  As  indicated  by  the 
results  in  Table  2,  the  received  neutron  dose  rate  at  a  distance  of 
1  m  from  the  centre  of  the  current  238Pu  fuelled  GPHS  module  is 
of  the  order  of  0.1128  mSv/h  (11.28  mRem/h).  It  is  clearly  possible 
to  make  alternative  isotope  power  sources  that  have  a  dose  rate 
that  is  at  least  an  order  of  magnitude  lower  than  current  systems. 
This  would  have  a  dramatic  impact  on  the  applicability  of  RTGs 
over  a  greater  range  of  space  missions.  The  radiation  dose  to  sen¬ 
sitive  detectors  would  be  reduced,  increasing  the  operational  life¬ 


time  of  instruments  [46].  The  health  and  safety  hazards  for 
radiation  workers  and  assembly  technicians  would  also  be  reduced 
and/or  may  allow  workers  to  work  under  occupational  safety 
guidelines  for  longer  periods  of  time  with  a  given  system. 
Planetary  science  missions  with  an  astrobiology  component  and 
terrestrial  studies  designed  to  study  ecosystems  in  extreme  envi¬ 
ronments  could  benefit  from  reduced  radiation  power  sources 
and  isotopes  that  decay  into  stable  daughters  after  a  short  period 
of  time.  By  careful  isotope  selection,  the  effective  sterilisation  fac¬ 
tor,  and  heat  generated  by  the  source  can  be  minimised  in  order  to 
ensure  a  reduced  impact  on  the  environment. 

The  current  legal  dose  limit  for  radiation  workers  in  the  United 
Kingdom  is  20  mSv  per  year,  or  under  special  cases  this  is  set  to  a 
100  mSv  over  a  5  year  period  where  no  more  than  a  50  mSv  dose 
can  be  accumulated  in  a  single  year  [47].  Based  on  these  current 
guidelines  and  the  above  results  from  the  MCNPX  modelling,  a 
radiation  worker  can  work  with  oxygen-enriched  238Pu02  fuelled 
GPHS  modules  for  approximately  343  h  per  year.  By  making  the 
substitution  from  oxygen-enriched  238Pu02  fuel  to  oxygen-en¬ 
riched  241Am02,  it  is  possible  for  workers  to  spend  a  practically 
unlimited  period  each  year  working  with  GPHS  modules.  For  the 
same  electrical  output  power  as  current  GPHS-RTGs,  we  would  re¬ 
quire  around  90  modules  fuelled  with  241Am02  instead  of  18  mod¬ 
ules  fuelled  with  238Pu02.  This  essentially  means  that  workers 
must  complete  approximately  five  times  the  typical  manual  work¬ 
load,  but  since  there  is  little  limitation  to  exposure  time,  the  only 
penalty  to  the  entire  operation  is  in  the  form  of  the  five  times  mass 
penalty  for  system  heat  sources.  As  can  be  deduced  from  Table  2, 
the  decrease  in  dose  rates  and  increase  in  recommended  exposure 
times  with  the  alternative  isotope  fuels,  with  the  exception  of  90Sr, 
greatly  outweighs  any  increase  in  manual  workload  for  such 
substitution. 


5.  A  laboratory  breadboard  model  for  low  mass,  reduced 
radiation  RTGs 

The  overall  RTG  system  power  density  is  crucial  for  space  and 
planetary  science  applications.  A  greater  electrical  power  density 
ultimately  translates  into  greater  instrumentation  or  propellant 
mass  for  any  given  mission.  For  this  reason,  the  systems  and 
shielding  configurations  outlined  in  this  study  are  designed  to  both 
minimise  the  radiation  flux  and  to  maximise  the  electrical  power 
density. 

Having  selected  241  Am  in  the  form  of  americium  dioxide  as  the 
fuel  for  a  long-lived  laboratory  scale  low  mass  reduced  radiation 
demonstration  RTG  (LMRR-RTG),  a  shielding  configuration  and  cer¬ 
met  design  was  developed.  The  radiation  fluxes  for  the  various 
configurations  were  determine  using  the  MCNPX  [24]  code.  The 
shielding  configuration  that  was  derived  to  be  most  effective  based 
on  a  tungsten  encapsulated  fuel  cermets  is  illustrated  in  Fig.  13. 

The  central  component  to  the  system  is  the  fuel  cermet.  As  out¬ 
lined  in  Section  6,  the  tungsten  provides  self-shielding  against 
X-ray  and  gamma  ray  emission  from  the  isotope  source  while 
ensuring  the  preservation  of  structural  and  thermal  integrity  of 
the  radiological  materials  in  the  event  of  mission  catastrophic  fail¬ 
ures  such  as  launch  aborts.  A  Boron  loaded  polyethylene  casing  is 
used  to  provide  both  neutron  shielding  and  thermal  insulation 
for  the  RTG  system.  The  polyethylene  content  in  the  material 
thermalises  the  fast  neutron  emissions  from  the  fuel  source.  The 
boron  content  is  used  to  absorb,  and  hence  attenuate  the  overall 
neutron  flux  while  reducing  the  capture  gamma  ray  production 
that  would  be  produced  in  the  same  volume  of  polyethylene  alone. 
The  aluminium  outer  casing  is  the  fourth  and  final  component  in 
the  system  configuration.  This  encloses  the  whole  unit  for  mechan¬ 
ical  integrity  but  also  provides  an  outer  layer  of  shielding  against 


Table  2 

Alternative  isotope  study  results  for  the  replacement  of  the  current  Pu02  fuel  in  the  GPHS  module 


GPHS  module  fuel  form 

Pu-238  238Pu02 
ceramic  pellet 

Am-241 

241Am02 
(40  vol.%)  and  W 
(60  vol.%) 
cermet 

Am-241 

241Am02 
(50  vol.%)  and  W 
(50  vol.%) 
cermet 

Am-241  241Am02 
ceramic  pellet 

Sr-90  90SrO 
ceramic  pellet 

Po-208  208Po 
(10  vol.%)  and  W 
(90  vol.%)  cermet 

Po-20  8  208Po 
(10  vol.%)  and  Al 
(90  vol.%)  cermet 

Po-2  1  0  208Po 
(10  vol.%)  and  W 
(90  vol.%)  cermet 

Po-2  1  0  208Po 
(10  vol.%)  and  Al 
(90  vol.%)  cermet 

Pellet  mass  (g) 

1.88  x  102 

2.66  x  102 

2.54  x  102 

1.91  x  102 

8.3  x  101 

2.99  x  102 

5.50  x  101 

2.99  x  102 

5.50  x  102 

Total  fuel  mass  (g) 

7.51  x  102 

1.07  x  103 

1.02  x  103 

7.66  x  102 

3.34  x  102 

1.20  x  103 

2.20  x  102 

1.20  x  103 

2.20  x  102 

Change  in  module  mass  (g) 

0 

+314 

+264 

+14 

-417 

+445 

-531 

+446 

-531 

Pellet  activity  (Ci) 

2.84  x  103 

2.61  x  102 

3.14  x  102 

4.71  x  102 

9.23  x  103 

9.00  x  103 

9.00  x  103 

6.85  x  104 

6.85  x  104 

Change  in  pellet  activity  (Ci) 

0 

-2.58  x  103 

-2.53  x  103 

-2.37  x  103 

+6.39  x  103 

+6.16  x  103 

+6.16  x  103 

+6.80  x  104 

+6.80  x  104 

Module  activity  (Ci) 

1.13  x  104 

1.04  x  103 

1.26  x  103 

1.88  x  103 

3.69  x  104 

3.60  x  104 

3.60  x  104 

+2.74  x  105 

+2.74  x  105 

Change  in  module  activity  (Ci) 

0 

-1.03  x  104 

-1.00  x  104 

-9.42  x  103 

+2.56  x  104 

+2.46  x  104 

+2.46  x  104 

2.72  x  105 

2.72  x  105 

Module  thermal  power  (W) 

2.50  x  102 

3.04  x  101 

3.60  x  101 

56.9  x  101 

4.28  x  101 

1.09  x  103 

1.09  x  103 

8.36  x  103 

8.36  x  103 

Change  in  Module  thermal  power 
(W) 

0 

-2.20xl02 

-2.14  x  102 

-1.93  x  102 

-2.07  x  102 

+8.36  x  103 

+8.36  x  102 

+8.33  x  103 

+8.33  x  103 

Neutron  dose  rate  at  1  m  radius  from 
GPHS  (Sv/hr) 

6.534  x  10“4  ± 
9.00  x  10“6 

3.036  x  10“5 
±7.94  x  10“7 

3.788  x  10“5 
±2.68  x  10“7 

8.238  x  10“5 
±1.86  x  10“7 

- 

- 

- 

- 

- 

Neutron  dose  rate  as  a  percentage  of 
238Pu02  fuelled  GPHS  dose  rate  (%) 

100 

4.6 

5.8 

12.6 

- 

- 

- 

- 

- 

Gamma  dose  rate  at  1  m  radius  from 
GPHS  (Sv/hr) 

1.880  x 

10“6  ±  1.09  x  10“8 

6.882  x  10“8 
±3.17  x  10“10 

8.273  x  10“8 
±2.79  x  10“10 

1.740  x  10“7 
±1.44  x  10“9 

1.137 

±1.43  x  10“2 

- 

- 

- 

- 

Gamma  dose  rate  as  a  percentage  of 
238Pu02  fuelled  GPHS  dose  rate  (%) 

100 

3.7 

4.4 

9.3 

6.0  x  105 

- 

- 

- 

- 

Worker  maximum  recommended 
exposure  time  (hours  per  year) 

31 

657 

527 

242 

0.018 

> 

> 

> 

> 

Neutron  dose  rate  at  1  m  radius  from 
GPHS  fuelled  with  oxygen- 
enriched  materials  (Sv/hr) 

5.816  x  10“5 
±1.14  x  10“6 

6.162  x  10“7 
±1.61  x  10“8 

7.691  x  10“7 
±5.44  x  10“9 

1.672  x  10“6 
±3.77  x  10“9 

Neutron  dose  rates  for  modules 
fuelled  by  oxygen-enriched 
materials  as  a  percentage  of  the 
238Pu02  fuelled  GPHS  module  dose 
rate  (%) 

100 

1 

1.3 

3 

Gamma  dose  rate  at  1  m  radius  from 
GPHS  module  fuelled  with 
oxygen-enriched  materials  (Sv/hr) 

1.673  x  10“7 
±1.38  x  10“9 

1.397  x  10“9 
±6.44  x  10“12 

1.679  x  10“9 
±5.66  x  10“12 

3.532  x  10“9 
±2.91  x  lO”11 

1.137  ±1.43  x  10“2 

Gamma  dose  rates  for  modules 
fuelled  by  oxygen-enriched 
materials  as  a  percentage  of  the 
oxygen-enriched  238Pu02  fuelled 
GPHS  module  dose  rate  (%) 

100 

0.8 

1 

2 

CO 

O 

X 

00 

CO 

Worker  maximum  recommended 
exposure  time  to  modules  fuelled 
by  oxygen-enriched 
materials(  hours  per  year) 

343 

> 

> 

> 

0.018 

> 

> 

> 

> 

Data  for  oxygen-enriched  oxides  and  oxides  of  natural  oxygen  composition  is  given  for  238Pu02  and  241Am02  fuelled  modules.  V  Signifies  that  a  practically  unlimited  annual  exposure  time  is  permissible. 
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GPHS  module  mass  &  thermal  output  isotope  comparison 


Fig.  11.  A  thermal  performance  and  fuel  mass  comparison  of  substitute  isotope  candidates  (excluding  210Po)  when  used  to  fuel  a  GPHS  module  in  contrast  to  the  current 
performances  of  the  GPHS  modules  fuelled  by  238Pu02. 


GPHS  Module  Mass  &  Thermal  Output  Isotope  Comparison 


Fig.  12.  A  thermal  performance  and  fuel  mass  comparison  of  all  substitute  isotope  candidates  when  used  to  fuel  a  GPHS  module  in  contrast  to  the  performances  of  the  GPHS 
modules  fuelled  238Pu02. 


soft  photon  radiation.  The  thickness  of  each  of  the  components  in 
the  shielding  configuration  was  determined  using  the  MCNPX 
[24]  modelling  technique. 

This  modelling  focussed  upon  determining  an  optimum  neutron 
shield  thickness  and  was  performed  by  modelling  a  source  and  a 
neutron  shield  in  a  spherical  geometry.  Three  thicknesses  of  boron 
loaded  polyethylene  shielding  (5  cm,  10  cm  and  15  cm)  were 
investigated  and  the  photon  and  neutron  dose  rates  tallied  in  a 
1  cm  thick  shell  of  water  at  a  radius  of  1  m  from  the  source.  The 
composition  of  the  241Am  source  was  also  set  as  a  variable  so  as 


to  investigate  its  effect  on  the  overall  mass  of  the  assembly.  The 
source  was  presented  in  oxide  form  (241Am02)  or  encapsulated  in 
tungsten  as  a  cermet,  the  volumetric  composition  of  which  was 
either  40%  or  50%  241Am02.  In  order  to  provide  comparison, 
238Pu02  was  also  modelled  within  identical  configurations.  The 
oxygen  composition  within  the  oxide  compounds  of  both  Pu02 
and  Am02  was  set  as  another  variable  in  order  to  determine  the 
effect  of  oxygen-enrichment  upon  the  shielding  requirements. 
Thermal  power  output  levels  of  between  10  and  200  W  were  also 
set  as  the  third  variable  for  the  investigation.  The  source  emission 
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TEG  Wire  Run 


Hexagonal 
Tungsten  Carbide 
Cermet  Outer 
Jacket 


Heat  Pipe 
-  Hot  End 


Americium  /  Tungsten  Heat  Source 


Fig.  13.  Schematic  of  the  laboratory  breadboard  model  of  a  low  mass,  reduced  radiation  (LMRR)-RTG  demonstration  model. 


spectra  were  defined  as  in  Section  2.  Each  specific  configuration 
was  simulated  in  MCNPX  Version  6c  [24],  each  simulation  termi¬ 
nating  after  a  total  of  lxlO6  source  particles  had  been  tracked 
through  the  geometry. 

For  oxide  sources  with  natural  oxygen  composition,  it  was 
determined  that  241Am02  sources  surrounded  by  a  5  cm  thick 
boron  loaded  polyethylene  (B.L.P.E.)  shield  resulted  in  approxi¬ 
mately  the  same  neutron  dose  rates  as  for  238Pu02  surrounded 
by  a  10  cm  thick  B.L.P.E.  shield  for  the  thermal  power  range  be¬ 
tween  0  and  200  W.  This  is  illustrated  in  Fig.  14.  Fig.  15  illustrates 
the  associated  masses  that  are  observed  with  this  shielding  con¬ 
figuration.  Over  the  identical  thermal  power  range  for  oxygen- 
enriched  sources,  the  dose  rates  that  were  observed  for  an 
unshielded  241Am02  source  were  approximately  equal  to  those 
of  238Pu02  sources  surrounded  by  a  15  cm  thick  B.L.P.E.  shield 
(Fig.  16).  This  marked  difference  in  shielding  requirements  is 


due  to  the  domination  of  spontaneous  fission  derived  neutron 
yields  for  the  oxygen-enriched  materials  and  the  difference  be¬ 
tween  the  spontaneous  fission  probabilities  of  241Am  and  238Pu. 
Fig.  17  illustrates  the  masses  of  these  configurations  for  the  oxy¬ 
gen-enriched  sources. 

What  is  particularly  evident  in  these  results  is  that  for  any  given 
power  level,  for  an  equal  neutron  dose  rate  to  be  exhibited  by  both 
oxygen-enriched  americium  and  plutonium  systems,  the  total 
masses  of  the  238Pu  configurations  is  approximately  10  times 
greater  than  those  for  241Am.  This  is  an  extremely  important  factor 
that  must  be  considered  during  isotope  selection  for  power  sources 
where  potential  radiation  exposure  to  workers  or  during  launch 
failure  scenarios  is  to  be  minimised. 

Based  upon  the  safety  rationale  for  tungsten  encapsulation  and 
on  the  neutron  dose  reductions  from  the  results  above,  a  final 
configuration  for  a  5  We  prototype  breadboard  model  for  low  mass, 


Comparison  of  neutron  dose  rates  at  lm  radius  from  238Pu02  &  241Am02  sources  with  natural  oxygen 
composition.  241Am02  and  238Pu02  sources  have  5  cm  and  10  cm  of  Boron  loaded  Polyethylene  neutron 
shielding  respectively. 


Am02  Source 
-  5cm  P.E. 
shield 


Pu02  Source 
-  10cm  P.E. 
Shield 


Am02  Source 
[50%  voL  W] 

-  5cm  P.E. 
Shield 

Pu02  Source 
[50%  VoL  W] 

-  10cm  P.E. 
Shield 

Am02  Source 
[60%  VoL  W] 

-  5cm  P.E. 
Shield 

Pu02  Source 
[60%  VoL  W] 

-  10cm  P.E. 
Shield 


Fig.  14.  Comparison  of  MCNPX  [24]  derived  results  for  the  dose  rates  of  modelled  systems  fuelled  by  241Am02  (natural  oxygen  composition)  in  oxide  form  and  in  tungsten 
based  cermets  relative  to  those  of  devices  with  similar  dose  rates  fuelled  by  238Pu02  (natural  oxygen  composition)  in  oxide  form  and  tungsten  cermets.  These  system  masses 
are  illustrated  as  a  function  of  source  thermal  output  power  and  dose  rate  equivalence.  The  tungsten  volume  fraction  for  cermet-based  sources  are  listed  in  the  key. 
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Mass  comparison  for  sources  with  natural  oxygen  composition.  For  approximately  equal  dose  rates,  the 
241Am02  and  238Pu02  sources  have  5  cm  and  10  cm  of  Boron  loaded  Polyethylene  neutron  shielding 
respectively. 


Am02  -  5  cm  P.E. 
Shield 


Pu02  -  10  cm  P.E. 
Shield 


Am02  [50%  voL  W] 
-5  cm  P.E.  Shield 


- Pu02  [50%  VoL  W] 

-  10  cm  P.E.  Shield 


-  -  -  ■  Am02  [60%  VoL  W] 
-  5  cm  P.E.  Shield 


-  -  -  •  Pu02  [60%  VoL  W] 
-  10cm  P.E.  Shield 


Fig.  15.  Comparison  of  MCNPX  [24]  derived  results  for  the  masses  of  modelled  systems  fuelled  by  241Am02  (natural  oxygen  composition)  in  oxide  form  and  in  tungsten  based 
cermets  relative  to  those  of  devices  with  similar  dose  rates  fuelled  by  238Pu02  (natural  oxygen  composition)  in  oxide  form  and  tungsten  cermets.  These  system  masses  are 
illustrated  as  a  function  of  source  thermal  output  power  and  dose  rate  equivalence.  The  tungsten  volume  fraction  for  cermet  based  sources  are  listed  in  the  key. 


Comparison  of  neutron  dose  rates  at  lm  radius  from  oxygen-enriched  238Pu02  &  24,Am02  sources.  For 
approximately  equal  dose  rates,  241Am02  sources  have  no  shielding  and  238Pu02  sources  have  10  cm  of  Boron 
loaded  Polyethylene  neutron  shielding. 


CJ 

w 

o 

Q 

c 

g 

a 

04 

Z 


Am02 
-  unshielded 
source 


Pu02  -  15cm 
P.E.  Shield 


—  —  Am02  Source 

[50%  voL  W] 

-  Unshielded 
Source 

—  —  Pu02  Source 

[50%  VoL  W] 

-  15cm  P.E. 
Shield 

—  -  -  •  Am02  Source 

[60%  VoL  W] 

-  unshielded 
source 

....  Pu02  Source 
[60%  VoL  W] 

-  15cm  P.E. 
Shield 


Thermal  Power  (W) 


Fig.  16.  Comparison  of  MCNPX  [24]  derived  results  for  the  dose  rates  of  modelled  systems  fuelled  by  oxygen-enriched  241Am02  in  oxide  form  and  in  tungsten  based  cermets 
relative  to  those  of  devices  with  similar  dose  rates  fuelled  by  oxygen-enriched  238Pu02  in  oxide  form  and  tungsten  cermets.  These  system  masses  are  illustrated  as  a  function 
of  source  thermal  output  power  and  dose  rate  equivalence.  The  tungsten  volume  fraction  for  cermet  based  sources  are  listed  in  the  key. 


reduced  radiation  RTGs  was  assigned.  It  should  be  noted  that  opti¬ 
mum  configurations  for  neutron  shielding  masses  can  only  be 
achieved  through  the  enrichment  of  the  160  content  of  the  ameri¬ 
cium  oxide.  For  the  purpose  of  the  laboratory  scale  breadboard 


prototype,  mass  optimisation  is  not  essential  but  demonstration 
of  such  principals  will  be  made  for  an  Am02  source  with  a  natural 
oxygen  composition.  The  physical  properties  of  the  concept  bread¬ 
board  prototype  system  are  listed  in  Table  3. 
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Mass  comparison  for  oxygen-enriched  sources.  For  approximatly  equal  dose  rates,  the  241Am02  sources  have 
no  shielding  and  the  238Pu02  sources  have  15  cm  of  Boron  loaded  Polyethylene  neutron  shielding. 


relative  to  those  of  devices  with  similar  dose  rates  fuelled  by  oxygen-enriched  238Pu02  in  oxide  form  and  tungsten  cermets.  These  system  masses  are  illustrated  as  a  function 
of  source  thermal  output  power  and  dose  rate  equivalence.  The  tungsten  volume  fraction  for  cermet  based  sources  are  listed  in  the  key. 


Table  3 

Physical  properties  of  5  We  prototype  breadboard  model  for  a  low  mass  reduced 
radiation  RTG 


Prototype  breadboard  model  for  low  mass,  reduced  radiation  RTG  physical 
properties 

Thermal  output  power  (Wt) 

100 

Electrical  output  power  (We) 

5 

(based  on  5%  conversion 
efficiency) 

Fuel  form 

Americium-241  tungsten  cermet  50%  241Am02: 

Neutron  shielding 

50%  W  (natural  oxygen  composition  241Am02 
oxide) 

5  cm  Thick  boron  loaded  polyethylene  (B.L.P.E.) 

1  m  neutron  dose  rate  (Sv/hr) 

6.7  x  10“5 

1  m  photon  dose  rate  (Sv/hr) 

2.8  x  10“7 

Total  system  mass  (kg) 

6.4 

Having  derived  the  optimum  radiation  shielding  configuration 
above,  the  thermal  environment  for  the  system  was  evaluated 
using  a  finite  element  modelling  (FEM)  and  analysis  package  pro¬ 
duced  by  Ansys  Inc.  [48].  In  the  FEM  simulations,  for  the  purpose 
of  the  laboratory  scale  demonstration  model,  the  external  temper¬ 
ature  of  the  system  was  held  at  the  carbon  dioxide  sublimation 
temperature  of  -80  °C  by  a  working  fluid.  Heat  pipes  were  added 
to  the  model  so  as  to  ensure  that  an  appropriate  temperature  gra¬ 
dient  was  maintained  across  the  thermoelectric  generators.  The 
optimum  temperature  gradient  across  the  junction  for  the  current 
design  was  determined  to  be  150  °C.  The  heat  extraction  power  by 
the  heat  pipe  system  was  selected  so  that  the  heat  source  cannot 
not  exceed  60%  of  the  melting  temperature  of  the  boron  loaded 
polyethylene  neutron  shielding,  which  is  approximately  120  °C. 
This  was  done  to  prevent  structural  deformation  of  the  device. 
By  ensuring  that  the  converter  cold  side  temperature  was  below 
-30  °C,  this  optimum  temperature  gradient  could  be  achieved 
while  preventing  the  internal  temperature  from  exceeding  the 
melting  temperature  of  the  polyethylene  shielding. 


6.  Conclusions  and  future  work 

Through  the  comparison  of  isotopes  made  in  Section  2,  we  have 
identified  three  isotopes  that  can  deliver  suitable  power  densities 
for  space  missions  while  reducing  the  radiation  doses  delivered 
by  such  sources.  The  factor  that  drives  selection  from  these  iso¬ 
topes  is  the  mission  architecture.  208Po  and  210Po  are  best  suited 
to  missions  requiring  short  durations  of  thermal  and/or  electrical 
power  before  decaying  into  stable  isotopes  of  lead.  Such  missions 
include  melt-penetration  of  icy  planetary  surfaces  while  minimis¬ 
ing  the  overall  impact  upon  the  environment.  The  use  of  the  polo¬ 
nium  isotopes  implies  a  high  initial  thermal  loading  in  order  to 
account  for  the  isotopes’  short  half-life,  which  in  turn  demands 
adaptive  radiator  or  heat  pipe  design  for  steady  state  electrical 
power  output. 

241Am  has  a  half-life  that  is  approximately  five  times  greater 
than  that  of  238Pu.  We  have  determined  that  an  241Am02  source 
neutron  yield  is  approximately  an  order  of  magnitude  lower  than 
a  238Pu02  source  of  equal  mass  and  degree  of  160  enrichment. 
We  have  also  demonstrated  that  shielded  heat  sources  fuelled  by 
oxygen-enriched  238Pu02  have  masses  that  are  up  to  10  times 
greater  than  those  fuelled  by  oxygen-enriched  241Am02  with 
equivalent  thermal  power  outputs  and  neutron  dose  rates  at  1  m 
radii.  For  these  reasons,  241Am  is  well  suited  to  missions  that  de¬ 
mand  long  duration  power  output  from  a  power  supply,  such  as 
deep  spaceflight  missions  and  similar  missions  that  use  instrumen¬ 
tation  and  electronics  systems  that  are  sensitive  to  or  are  suscepti¬ 
ble  to  neutron  radiation  damage. 

Our  theoretical  research  has  shown  that  isotope  encapsulation 
within  cermet  matrices  has  many  safety  benefits.  In  order  to  verify 
cermet  production  techniques,  a  collaborative  program  has  been 
established  between  the  University  of  Leicester  Space  Research 
Centre,  University  of  Leicester  Department  of  Engineering  and 
the  Center  for  Space  Nuclear  Research  at  Idaho  National  Labora¬ 
tory.  The  results  from  the  experimental  research  program  will  be 
published  in  a  later  paper. 
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